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The Keratins of the Human Beard Hair Medulla:
The Riddle in the Middle
Lutz Langbein1, Hiroshi Yoshida2, Silke Praetzel-Wunder1, David A. Parry3 and Juergen Schweizer4
We have investigated the expression of 52 of the 54 keratins in beard hair medulla. We found that not only 12
hair keratins but, unexpectedly, also 12 epithelial keratins are potentially expressed in medulla cells. The latter
comprise keratins also present in outer- and inner-root sheaths and in the companion layer. Keratins K5, K14,
K17, K25, K27, K28, and K75 define a ‘‘pre-medulla,’’ composed of cells apposed to the upper dermal papilla.
Besides K6, K16, K7, K19, and K80, all pre-medullary epithelial keratins continue to be expressed in the medulla
proper, along with the 12 hair keratins. Besides this unique feature of cellular keratin co-expression, the keratin
pattern itself is highly variable in individual medulla cells. Remarkably, both epithelial and hair keratins behave
highly promiscuously with regard to heterodimer- and IF formation, which also includes keratin chain
interactions in IF bundles. We also identified cortex cells within the medullary column. These exhibit all the
properties of genuine cortex cells, including a particular type of keratin heterogeneity of their compact IF
bundles. In both keratin expression profile and keratin number, medulla cells are distinct from all other cells of
the hair follicle or from any other epithelium.
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INTRODUCTION
The mammalian anagen hair follicle consists of eight
concentrically arranged, autonomous tissue compartments
of different sizes, of which the external—the outer-root
sheath (ORS)—is a continuum of the epidermis through the
infundibulum. The adjacent inner layers comprise the
companion layer (cl) and the inner-root sheath (IRS), which
itself consists of three individual layers (Henle, Huxley, and
IRS cuticle). Internal to the IRS is the hair-forming compart-
ment encompassing the hair cuticle, matrix, and cortex. The
eighth compartment—the central hair medulla—does not
occur in all hair types (Montagna and Lobitz, 1964; Morioka,
2005).
In previous years, our laboratory has contributed to the
elucidation of the multigene family of human keratins. It
contains a total of 54 genes, subdivided into 28 type I and 26
type II members. Except for the type I KRT18 gene, which is a
part of the type II keratin gene domain, they are located on
chromosomes 17 and 12, respectively. Nested within these
large gene domains are smaller gene clusters encoding either
11 type I or 6 type II hair keratins (Rogers et al., 2004, 2005).
These differ chemically from epithelial keratins in their high
content in cysteine residues used for the formation of
intermolecular disulfide bridges during the hardening of the
hair shaft. A knowledge of the entire family of human keratins
has recently led to a revision of the nomenclature according
to which the type I and type II hair keratins are designated
K31–K40, including isoforms K33A and K33B, and K81–K86,
respectively (Schweizer et al., 2006).
Besides the genomic aspect of keratins, our studies have
focused on the differential keratin expression in the various
compartments of the human hair follicle. Over the years, we
have been able to show that a series of newly discovered
epithelial keratins (that is, K25–K28 (type I); K71–K74 (type II))
are differentially but specifically expressed in the three IRS
layers (Langbein et al., 2001, 2003, 2006). In contrast, the cl
exhibits only one specific epithelial keratin (K75), which is
co-expressed with keratins K6, K16, and K17, the latter being
also found in the suprabasal part of the multilayered ORS
(Winter et al., 1998). Except for K84, the remaining 16 hair
keratins are constituents of the hair-forming compartment
proper, with the hair matrix exhibiting the lowest
(two keratins) and the hair cortex the highest complexity
(12 keratins) (Langbein et al., 1999, 2001, 2007). The hair
cuticle, however, takes an intermediary position (six keratins)
(Langbein et al., 1999, 2001, 2007). It is remarkable that, out
of the 54 human keratins, almost half of them, that is, 16 hair
keratins and 9 epithelial keratins, are specifically expressed in
the hair follicle (Langbein et al., 2007).
The medulla of mammalian hair represents a vertical
column of essentially horizontal cells in the center of the hair
cortex. This can be absent, fragmented, or continuous
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(Brown, 1942; Deedrick and Koch, 2004a, b). During their
terminal differentiation, medulla cells develop large inter-
and/or intracellular spaces. These are air-filled, and hence
provide insulating capacities to hair. In contrast to the
morphological appearance of all other tissue compartments of
the hair follicle, that of the medulla varies markedly throughout
the animal kingdom. In a large number of mammals, the
structure of the mature medulla is highly regular, forming either
well-defined uniserial or multiserial ladders of alternating
differentiated cells and void spaces. In contrast, in other
mammals including man, the medulla consists of either single
or multiple, rather unstructured, heavily vacuolated cells
(Deedrick and Koch, 2004a, b; Morioka, 2005).
For a long time, the occurrence of intermediate filaments
and thus keratins in medullary cells was questioned (Mahrle
and Orfanos, 1971). In part, this was because of the
bewildering morphological heterogeneity present. In parti-
cular, earlier electron microscopy and X-ray studies (Parakkal
and Matoltsy, 1964; Roth, 1967), as well as cysteine analyses
of medullary cells of animal hair (Matolsty, 1953; Rogers,
1964; Swift, 1968, 1997; Cle´ment et al., 1981b; Tolgyesi
et al., 1983), suggested the presence of few, if any, a-keratins
in the medulla. Nevertheless, some authors claimed to
recognize some resemblance between distinct microfibrillar
structures in medullary cells and the intermediate filament
network in cells of the IRS. These were termed ‘‘pseudo-
keratin’’ (Cle´ment et al., 1981b), or ‘‘spongious-’’ and
‘‘amorphous keratin’’, respectively (Mahrle and Orfanos,
1971). Rather surprisingly, however, in the late 1980s,
immunohistochemical and western blot studies using both
chain- and group-specific keratin antibodies, as well as
antibodies reacting with several keratins, provided strong
evidence for the presence of keratins in human hair medulla
(Heid et al., 1988; Steinert and Rogers, 1973), a finding that
was later substantiated for keratin K17 in mouse hair
(McGowan and Coulombe, 2000). Moreover, it was shown
that the epithelial keratin K75 of the cl (Winter et al., 1998)
occurred in the medulla of mouse and human hairs (Wang
et al., 2003) and that, in addition, the latter not only
contained several epithelial keratins of the IRS (Langbein
et al., 2006) but also various hair keratins (Langbein et al.,
1999, 2001). In view of the unexpected expression in the
medulla of both ‘‘classical’’ epithelial- and hair follicle-
specific epithelial, as well as of hair keratins, and taking
advantage of the availability in our laboratory of mono-
specific antibodies against nearly all human keratins, we
decided to undertake a systematic immunohistochemical
keratin study of the human hair medulla using antibodies
against 52 out of the 54 human keratins. We chose human
beard hairs because of their consistent and prominent
medullation (Halal, 2002; Morioka, 2005), and have shown
here that the potential number of keratins expressed in
medulla cells is higher than that in cells of other compart-
ments of the hair follicle or of that in any other epithelium.
RESULTS
It is evident that the extraordinarily high number of antibodies
(see Supplementary Table S1) used in this study of medullary
keratin expression in the living part of the human hair follicle
required a reliable and easily available source of medullated
hair follicles. Scalp hairs were excluded, as they exhibited a
rather low and highly variable frequency with regard to the
very thin medulla that is not always present. The use of scalp
hairs would thus not only require a large collection of samples
but would also pose almost insurmountable technical problems
regarding the preparation of adequate tissue sections containing
hair follicles cut longitudinally along the medulla. In contrast,
human beard hairs ideally met the required conditions. Apart
from being much larger in diameter than scalp hair follicles (and
thus easier to handle for histological purposes), they invariably
contained a prominent medulla (Tolgyesi et al., 1983; Halal,
2002; Morioka, 2005). The samples could be freshly obtained
by plucking.
Morphology of the medulla of human beard hairs
Figure 1 shows a longitudinal section of a human beard hair
follicle at the level of the mid-cortex as seen by the layer of
fully differentiated Henle cells (asterisks) as seen by low
A’
Figure 1. Ultrastructural appearance of the medulla. (a) The medullary
column (med), surrounded by cortex cells (co), consists of large, horizontally
oriented, and randomly staggered cells with numerous large prominent
(black) trichohyalin granules, also present in the inner-root sheath (IRS)
Huxley layer. (a0) Higher magnification of the boxed area in (a) reveals the
strong vacuolization of medullary cells and outlines undulated boundaries
between them and adjacent cortex cells, which form cell projections into the
medullary column (white arrows). In contrast to the thick and compact IF
bundles inside cortex cells (a0), these are rarely seen in lower medullary cells
(b), and higher up, mainly located along the cell margins (c, arrows). cu, hair
cuticle; cl, companion layer; * in a0, cell in the medulla center, see Results.
Bars¼ 10 mm (a), 20mm (a0), 5 mm (b, c).
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magnification electron microscopy. The prominence of the
central, multicellular medulla is easily visible, given that its
width roughly corresponds to that occupied by the IRS and
the hair cuticle. The medullary column, embedded into
vertically oriented flat cortex cells, is made up of large,
horizontally oriented, and randomly staggered cells. They
exhibit a large nuclear–cytoplasmic ratio and contain
numerous prominent trichohyalin granules of variable size,
which are also seen in the IRS. The higher magnification in
Figure 1a0 reveals the strong vacuolization of the medullary
cells and shows a convoluted boundary between them and
the adjacent cortex cells, which tend to form cell projections
into the medullary column (white arrows). Although the
cortex cells contain large amounts of thick and compact IF
bundles (Figure 1a0), these are only rarely seen in the
cytoplasm of lower medullary cells (Figure 1b), whereas,
higher up, they are preferentially located along cell margins
(Figure 1c, arrows). In Figure 1a0, the cell indicated by an
asterisk in the center of the medulla has a morphology
that is different from that of the surrounding medullary cells.
The nature and possible origin of this cell will be discussed
below.
Keratin expression in the medulla
We used longitudinal cryostat sections of plucked human
beard hairs to investigate the expression of 52 of the 54
human keratins in the living part of the medulla, that is, from
the level of transition of the matrix and the cortex up to the
keratogenous zone of the hair follicle. Not investigated were
the still uncharacterized epithelial keratins, K23 and K24
(Hesse et al., 2004; Rogers et al., 2004, 2005). With few
exceptions, several different antibodies were used against the
individual keratins. If not stated otherwise, the results obtained
were identical for the various antibodies. The high degree of
sequence homology between keratins K6a, K6b, and K6c, as
well as that between K33a and K33b (see Schweizer et al.,
2006), does not allow the generation of monospecific
antibodies, but of polyclonal antibodies, most probably
detecting several or even each of the respective keratin
isoforms (for more details see Supplementary Table S1).
Expression of ORS keratins
Out of the type I and type II keratins belonging to the family
of ‘‘classical’’ keratins (that is, K1–K20, Schweizer et al.,
(2006); see Figure 2a for the genomic organization of the
human type I and type II keratin gene families), only
epithelial keratins normally expressed in the ORS (Langbein
and Schweizer, 2005) could be detected in the medulla, Type
II: K5, K6, K7; Type I: K14, K16, K17, K19 (Figure 2c–i).
K5 and K14. Before describing the K5/K14 expression pattern
in medullated beard hairs, it is important to note that in the
hair bulb region of unmedullated scalp hairs, these two
keratins are constituents of the monolayered lower ORS,
including the cells lining the dermal papilla (dp). Typically,
around the dp, staining is most prominent in a few cells at the
apex of the dp, gradually diminishing downward and often
seeming to be almost undetectable around the lower third of
the dp (see Figure 2b; K14 in green).
With regard to beard hairs, K5 and K14 are expressed in
cells lining the dp (Figure 2c and d, arrows), but, in addition,
are also present in the medulla. Although K5 is strongly
expressed along the entire medulla (Figure 2c–c0), the
expression of K14 is generally weaker and visible mainly in
the lower part of the medulla (Figure 2d).
K6, K16, and K17. Besides the suprabasal layers of the ORS
and the cl, keratins K6, K16, and K17 are also present at
comparable intensities in the medulla (Figure 2e–g0). More-
over, similar to K5 and K14, keratin K17 is weakly present in
cells lining the dp, although branching is restricted to the
upper level of the dp (Figure 2g). Similar findings have been
reported in mouse hairs (Wang et al., 2003).
K19 and K7. The expression of keratin K19 starts near the
base of the medulla and is then present only discontinuously
in some medullary cells. This focal staining is also observed
in the ORS (Figure 2h). Except for a distinctly later onset, the
medullary expression of keratin K7 is similar to that of K19,
whereas its expression in the ORS occurs preferentially in the
basal cell layer (Figure 2i). Surprisingly, three of the six
antibodies against keratin K7 (clones C18, Ks7.18, and
RPN1162, see Supplementary Table S1) did not stain the
medulla, although each showed the typical ORS pattern. In
contrast, clones RCK105 and OVL, as well as our guinea pig
antiserum gp-K7, showed the medullar staining patterns
described above. The failure of K7 staining in medulla cells
by the three monoclonal antibodies strongly indicates a
‘‘masking’’ of the respective antibody epitopes. This phe-
nomenon was also observed when the monoclonal antibody
against keratin K31 was used (see below). Therefore, and if
available, various antibodies against individual keratins were
used in this study.
Expression of IRS- and cl-keratins
IRS-keratins. Figure 3 shows that out of the four type I IRS-
keratins (see Figure 2a), only K25, K27, and K28 are present
in the medulla (Figure 3a–d). A common feature of these
epithelial keratins is their expression in all three compart-
ments of the IRS, (that is, the Henle- and Huxley layer, and
the IRS-cuticle; Langbein et al., 2006). In contrast, keratin
K26, which is specific for the IRS cuticle (Langbein et al.,
2006), is absent in the medulla (Figure 3e). The extent of the
expression of medullar K25, K27, and K28 is directly
comparable and similar to K17, and all three IRS-keratins
are conspicuously expressed in cells lining the dps. Again,
branching occurs around the upper level of the dp and does
not go beyond a level corresponding to the line of Auber
(Figure 3a–d, dotted line in Figure 3a0; Wang et al., 2003;
Langbein et al., 2006). This pattern can also be shown by in
situ hybridization (ISH) (Figure 3b; shown for K25 mRNA).
Surprisingly, none of the four differentially expressed type II
IRS-keratins, K71, K72, K73, or K74 (see, Figure 2a), could be
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shown in the medulla. Besides the Huxley layer-specific
keratin K74 (Figure 3g) and the IRS cuticle-specific keratins
K72 (Figure 3h) and K73 (not shown), this turned out to be
true also for keratin K71 (Figure 3f), although, similar to the
medulla-positive type I keratins K25, K27, and K28 (Figure
3a–d), it is expressed in all three IRS compartments (Langbein
et al., 2002, 2003, 2006).
cl-keratins. As shown in Figure 3i, the type II cl-keratin K75,
exhibits the same medullar expression pattern as the three
type I IRS-keratins, K25, K27, and K28, including the
branching into cells along the upper portion of the dp down
to the line of Auber (Figure 3i, arrows) (Wang et al., 2003).
Very rarely did a higher magnification reveal single, K75-
positive medullar cells in the hair cortex slightly outside the
medullar cell stream (Figure 3i0, arrows).
Moreover, out of the hitherto uncharacterized epithelial
keratins, K80 was positive in cells of the upper medulla,
whereas keratins K78 and K79 were negative (not shown; for
detailed expression studies, manuscripts in preparation).
Expression of hair keratins
The organization and subgrouping of the human type I and
type II hair keratin genes are given in Figure 2a. Figure 4a–c
shows the expression pattern of the three structurally highly
related type II group A hair keratins, K81, K83, and K86.
These keratins are cortex keratins (Langbein and Schweizer,
2005) and exhibit a similar onset of expression above the dp
(Figure 4a–c). All three keratins are also expressed in the
medulla. Although the strong medullary K81 and K86
expression occurs slightly later than the respective cortical
expression (Figure 4a and c), that of K83 is very weak and
considerably shifted to the upper portion of the medulla. In
the unstained medullar portion below, some centrally
located, strongly K83-positive cells are visible, which, by
virtue of this property and, in particular, their vertical
orientation, resemble cortex cells (Figure 4b, asterisks).
Moreover, two members of the corresponding type I group
A hair keratins, that is, isoforms K33a/K33b and keratin K34
(see Figure 2a), exhibit a cortical as well as a medullary
expression. In this case, however, both expression sites start
simultaneously in the mid-cortex region (Figure 4d and e).
Higher up, the medullary K34 staining extends distinctly
more into the hair shaft than that in the terminally
differentiated cortex, which prevents the penetration of the
antibody (Figure 4e). Unexpectedly, the antibodies used for
the demonstration of K31, the remaining keratin of this group
(see, Figure 2a), lead to completely different expression
patterns in the medulla. As shown in Figure 4f, the
monospecific antiserum, hHa1Prot.1 (K31gp), generated in
guinea pigs in our laboratory against the recombinant human
K31 protein (Langbein et al., 2004; Langbein and Schweizer,
2005) uniformly stains all cortical cells. The medulla exhibits
an extremely weak K31 staining in its lowermost portion but,
higher up, its staining becomes increasingly strong (Figure 4f).
Identical results were obtained using a second antiserum,
hHaProt.2 (see Supplementary Table S1), raised against the
same antigen (results not shown).
Although the frequently used and well-characterized
mouse monoclonal antibody against keratin K31, LHTric-1
(see Supplementary Table S1; Westgate et al., 1997; Langbein
et al., 1999, 2004), stains cells in the hair cortex in exactly
the same manner as the two polyclonal antibodies, it leaves
the entire medulla completely unstained except for a number
of central cells (Figure 4f 0; closed white arrows). By virtue of
their vertical orientation, these are reminiscent of those
detected also by the K83 antibody (Figure 4b). In addition,
there are some peripheral cortex cells extending straight or
obliquely into the medulla (Figure 4f 0; open white arrows). In
the following, we designate these cells as either ‘‘medullary
cortex cells’’ or ‘‘lateral medullary cortex cells’’ (Figure 4f0).
To clarify these differences in the staining properties between
polyclonal and monoclonal antibodies, sections of beard hair
follicles were subjected to ISH using an 35S-labeled K31-
specific 30-antisense probe (see, Langbein et al., 1999, 2004).
Figure 4f00 shows that K31 transcripts are present in cortex and
medullary cells and also in medullary cortex cells. Collec-
tively, the above data show that independent of their type and
original expression in the cortex, all hair keratins encoded by
the group A genes (see Figure 2a) are expressed in the
medulla.
Out of the structurally unrelated group C type II hair
keratins, K82, K84, and K85 (Figure 2a; Langbein et al.,
2001), both the hair cuticle-specific keratin K82 (Figure 4g)
and keratin K84 (not shown) are not expressed in the
medulla. The lack of K84 seems plausible considering the
fact that this keratin is generally absent from the hair-forming
compartment, but occurs in the central compartment of the
Figure 2. Expression of epithelial ORS keratins. (a) Organization of the human keratin genes on chromosomes 17 (type I) and 12 (type II; exception:
type I K18). Designations according to the current nomenclature (Schweizer et al., 2006). Hair keratin (HK) gene domains are subdivided into groups (red boxes;
for details, see Langbein and Schweizer, 2005; Langbein et al., 2007). Further genes encode keratins of inner-root sheath (IRS, purple); companion layer
(cl, green), classical epithelial keratins present (blue), or absent from medulla (gray), still uncharacterized epithelial keratins (black); and keratin pseudogenes
(white). (b) Keratin expression in the lower, here single-layered, outer-root sheath and companion layer of the bulb region of an unmedullated scalp hair, as
revealed by staining of K14 (ORS, green) and K75 (cl, red). Note, weak K14 staining in cells apposed to the lower portion of the dermal papilla (dp; closed
green arrows) compared with strong K14 staining in cells lining the upper portion of the dermal papilla (open green arrows). co, cortex. (c, d) ORS keratins K5
(c, and higher magnification c0) and K14 (d) are stained both in cells lining the upper part of the dermal papilla (red arrows) as well as in the medullary column
(med). Note, K5 staining appears stronger than that of K14. Cell marked by asterisk in c0, see Results. (e–g0) Suprabasal ORS (ORSsb) keratins K6 (e), K16 (f),
and K17 (g, higher magnification in g0) are stained in most cells in medulla proper, with K17 also weakly staining cells lining the upper dermal papilla
(dp; red arrows in g). (h, i) Keratins K19 (h) and K7 (i) are each stained both in single cells of the medulla and ORS (h, ORS) (i, ORS*). med*, stained medulla;
med, unstained medulla. Bars¼ 150mm (b–i), 50mm (c0, g0).
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filiform papillae of the dorsal tongue epithelium and in the
parakeratotic scale epidermis of the mouse tail (Tobiasch
et al., 1992; Langbein et al., 2001, 2004). Hence, the only
type II group C member found in the medulla is K85 (Figure
4h). The expression of this keratin in the bulb starts in the
lowermost hair cuticle (Figure 4h, open red arrows) and in the
matrix above the germinative compartment (Figure 4h, gp).
Although the cell population lining the dp below the line of
Auber contains rare K85-positive cells, apparently in transit
into the matrix (Figure 4h, closed arrows), that above the line
of Auber is free of the K85 label. After an initially weak
medullary K85 expression above the apex of the dp, higher
up, this keratin is as strongly expressed as in the hair cortex
(Figure 4h).
With one exception, the corresponding type I group C hair
keratins K32, K35, and K36 (Figure 2a) do not match the
expression pattern of their type II counterparts. In contrast to
K85 (Figure 4h), K35 is not expressed in the medulla. Apart
from this, both keratins exhibit an almost identical expression
pattern, including that of the bulb region, and differ only in
the earlier termination of cortical K35 expression (Figure 4i).
Similarly, unlike K84, keratin K36 is expressed in both the
upper cortex and the medulla (Figure 4j). Only K82 (Figure
4g) and K32 (Figure 4k, in green) are identical in their cuticle-
specific expression and in their absence in the medulla.
Besides keratin K32, Figure 4k also shows the expression
pattern of K40, which, together with K39, forms the small type I
group D subcluster of structurally unrelated hair keratins
Figure 3. Expression of hair follicle-specific (IRS- and cl-) epithelial keratins. (a–e) Only type I IRS keratins K25 (a, a0), K27 (c), and K28 (d), expressed in all three
compartments of the IRS, are found in the medulla. They were expressed in cells apposed to the upper half of the dermal papilla (red arrows in a, a0, c, d),
but never exceeded the line of Auber (dotted line in a0). Expression sites were confirmed by in situ hybridization (b, K25). K26, restricted to IRS cuticle (e, icu),
is absent from medulla. Same for all type II IRS keratins K71 (f), K72 (g), K73 (not shown), and K74 (h), although K71 is expressed in all three IRS layers.
Type II cl keratin K75 was found in both medulla and cells lining the upper portion of the dermal papilla (i, red arrows; i0). Occasionally, single K75-positive
cells were seen in adjacent hair cortex (arrows in i0). med*, stained medulla; med, unstained medulla. Bars¼150 mm (a–i), 50 mm (i0).
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(Figure 2a). This double-labeled study reveals that both
keratins are absent from the medulla, but, unlike K32 (green),
K40 (red) is only expressed in the upper portion of the cuticle
(merged yellow). The upper cuticle is also the expression site
of K39 (Langbein et al., 2007), but this keratin also occurs in
the respective cortex and medulla regions (Figure 4l).
Finally, K37 and K38, the two structurally related
members of the central type I group C (Figure 2a), are both
shown to be constituents of the medulla. In beard hairs and,
more generally, in sexual hairs, the expression of K37 is
restricted to the medulla, with only rare K37-positive vertical
cells (red arrows) occurring in the hair cortex. In contrast to
the expression of all other hair keratins, that of K37 starts
immediately above the apex of the dp (Figure 4m, see, also
Jave-Suarez et al., 2004). K38 is heterogeneously expressed
in both cortical and medullary cells (Figure 4n). The medulla
also contains K38-positive vertical medullary cortex cells
(Figure 4n).
Details of the keratin expression in medullary cells
In view of the plethora of classical and hair follicle-specific
epithelial keratins, as well as hair keratins revealed in the
medulla of beard hairs, we became interested in the details of
their mutual expression patterns, as well as in their putative
partners for IF formation. To this end, we conducted a large
series of double-labeled studies using a variety of antibody
combinations against selected members of the two types of
keratins.
Figure 5a shows the antibody combination K6 (red)/K16
(green), that is, keratins that normally exhibit cellular co-
expression and pairing for filament formation in various
epithelia. Although at a lower magnification, this could be
confirmed by the merged yellow color seen in the ORS and
the cl (not shown), the higher magnification of the respective
medulla clearly shows that numerically the K6/K16 co-
expression in medullary cells (merged yellow) seems to occur
as often as staining patterns, indicating that K6 (red) and K16
(green) are not co-expressed in the respective medulla cells.
Moreover, there are an equally high number of cells that
remain unstained by either antibody (asterisks). Phase
contrast inspection (not shown) reveals that most of them
are genuine medulla cells, whereas only a few seem to
resemble medullary cortex cells. As virtually identical results
were obtained using antibodies against the keratin pair, K6
and K17 (not shown), this implies that, in both cases, besides
‘‘normal’’ K6/K16 or K6/K17 pairing during filament forma-
tion, in medullary cells, keratins K6, K16, and K17 are also
able to form filaments with alien partners of the opposite
type. Confirming this concept, double-labeled studies with
keratins exhibiting a spatially separated in vivo expression,
that is, the type I ORS/cl-keratin K6 and the type II IRS-keratin
K27, reveal the same ‘‘patchwork’’ staining (Figure 5b).
Unlike K6 or K17 (Figure 2e and g), the IRS-keratin, K27, is
strongly expressed in the majority of medulla cells (Figure
3c). Therefore, double labeling of K6/K27 does not detect
substantial numbers of unstained medullary cells, but reveals
the presence of an unstained medullary cortex cell in the
center of the medulla (Figure 5b).
Conceptually, a double-labeled study using antibodies
against medullary epithelial keratins of the same type should
provide a clear segregation of either red- or green-stained
medullary cells, the number of which should reflect the
degree of expression of the individual keratins. Although this
is essentially confirmed in Figure 5c and c0 for the expression
pattern of the type I keratins, K17 (punctual expression;
green) and K27 (strong expression; red), a few cells
exhibiting the merged (yellow) color can also be observed.
Similar results were obtained using the combination K17
and K25 or K28 (not shown). In these cases, however,
the yellow cell staining can only be because of the spatially
close coexistence in the same cell of IFs formed by K17,
as well as K27 pairing with unknown partners of the
opposite type.
Unfortunately, as almost all of our antibodies against hair
keratins were raised in guinea pigs, corresponding double-
labeled studies for hair keratins could not be conducted to the
same extent. It was feasible, however, to undertake double-
labeled studies using antibodies against epithelial and hair
keratins. According to the present knowledge, in this case,
filament formation should be excluded, and a picture
corresponding to the antibody combination of the two type I
epithelial keratins, K17 and K27 (Figure 5c and c0), would be
Figure 4. Expression of hair keratins. (a–c) Type II group A hair keratins (see Figure 2a) K81 (a), K83 (b), and K86 (c) are cortex keratins but also stain cells of the
mid- and upper medulla. Frequently, vertical ‘‘medullary cortex cells’’ (mc, for details, see Results), corresponding to the cells marked by an asterisk in
Figures 1a0 and 2c0, were seen inside the medulla (that is, b, mc). (d–f) Type I, group A cortex hair keratins K33a/b (d), K34 (e), and K31 (f0) (see Figure 2a)
showed, except for a later onset of expression, a similar medullar staining pattern as that of the type II group C keratins. Note, in contrast to our K31
antiserum (K31gp, f), the K31-specific mab (LH-Tric1, Westgate et al., 1997) stained only ‘‘true’’ cortex cells as well as medullary- (mc) and lateral medullary
cortex cells (lmc; for details see, Results), but not genuine medulla cells (f0, K31m). The expression of K31 in medulla cells was confirmed by in situ hybridization
(f00). (g, h) Out of type II group C hair keratins, K82, K84, and K85 (see Figure 2a), cuticular keratin K82 was absent from the medulla (g, med), whereas K85,
expressed very early in the hair matrix and cuticle (h, open arrows), was present in medulla cells (h, med*). cu, cuticle; gp, germinative compartment; dp,
dermal papilla; dashed line, line of Auber. (i, j) Out of type I group C keratins (see Figure 2a), K36 was expressed late in the medulla (j), whereas K32 (see, k)
and K35 (i) were absent. Note, single K35-positive cells (red arrows) in the cell row lining the dermal papilla below the line of Auber (dotted line), which are
in transit to the lower matrix (these cells can also be observed for K85 (h, red arrows)). (k, l). Out of the type I group D keratins (see Figure 2a), K40 (late cuticle)
is absent from the medulla (k, red/merged yellow, as shown together with the early cuticle keratin K32, green), whereas K39 (late cortex/cuticle) is also present
in upper medulla cells (l). (m, n). Out of the type I group B keratins (see Figure 2a), K37 is the earliest expressed hair keratin in the medulla (m). It leaves
medullary cortex cells (mc) unstained, but stains few cells in the cortex (red arrows). Keratin K38 (n) is heterogeneously expressed in cortex (n, co*) and
medullary cortex (mc) cells, as well as in genuine medulla cells. Bars¼ 150mm (b–i), 50 mm (c0, g0).
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expected. Indeed, this is fully confirmed in Figure 5d by
the combination of K5 (green) and K34 antibodies (red).
In accordance with the individual expression patterns of
these keratins (Figures 2c and 5e, respectively), the lower
portion of the medulla contains only K5-expressing
cells (green). Higher up, beginning with the cortical K34
Figure 5. Heterogeneity of keratin composition. (a) Double labeling of epithelial keratin type II K6 (red) and type I K16 (green) reveals heterogeneity of cellular
keratin patterns witnessed by the occurrence of cells expressing K6þ /K16þ (merged yellow staining), K6þ /K16 (red), K6/K16þ (green), and K6/K16
(unstained, asterisks), thus giving rise to a colorful ‘‘mosaic’’. (b, c) Comparable staining patterns were also observed by double labeling of ORS keratins plus
IRS-keratins, for example, type II K6 (b, green) and type I K27 (b, red), but also of two keratins of the same type, for example, K17 (c–c0, green) and K27
(c–c0, red), in which case, however, the merged yellow staining clearly originates from the cellular coexistence of IFs made by K17 and K27 with respective
type II partner(s). Note, epithelial keratins were never detected in medullary cortex cells (a–c0, mc). (d) Also, double labeling of type I hair keratin (K34, red)
and type II ORS epithelial keratin (K5, green) led to the same multicolor staining of medulla cells, although only visible in the upper medulla where both keratins
are expressed. The merged yellow staining is either because of the coexistence in the same cell of IFs made by K5 and K34 with type I epithelial keratin(s)
and type II hair keratin(s), respectively, or by the direct pairing of K5 and K34. Note, at least the upper cells of the streak of medullary cortex cells (mc, bracket)
clearly appear as red as genuine cortex cells (co*). (e–g) Double labeling of epithelial keratins K7 (e, green), K16 (f, green), K27 (g–g0, green), and hair keratin K31
(red), using the mab K31m, which stains hair cortex but not medulla cells (see Figure 4f0), shows that only hair keratins, for example, K31, are expressed
in medullary cortex cells (mc, red) and genuine cortex cells (co). (h, h0) Double labeling of hair keratins, for example, type I K31 (red, K31m) and type II
K81 (green), shows an area of overlapping expression visible by the essentially merged yellow staining of cortex cells in the mid-cortex region (h). A higher
magnification of the boxed area in (h) reveals a similarly merged staining of the medullary cortex cell (h0, mc), located at the same height as that of the
K31/K81-overlapping zone in the cortex. Note, there are signs of a certain degree of intracellular heterogeneity in both mc and adjacent cortex cells,
indicating a local difference in the composition of IFs, that is, K31þ /K81þ (mc*, yellow), K31þ /K81 (mc*, red). (i) Double labeling of K38 (red) and K5
(green) shows a cellular labeling heterogeneity for K38 in both genuine cortex and medullary cortex cells, which appear either stained (co*, red; mc*, red)
or unstained (co*, white, mc*, white). Yellow designations (med*, mc*) indicate the co-expression of K31 and another keratin in medulla cells, as a
merged staining is not present because mab K31m does not stain medulla cells. lmc, lateral cortex cells. Bars¼ 150mm (c, d–h), 50 mm (a, b, c0, h0).
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expression (red), the medulla harbors roughly equal numbers
of cells expressing either K5 or K34 alone, and also
yellow-stained cells indicating the intracellular coexistence
of IFs built up by either K5 or K34 with unknown partners of
the opposite type of epithelial and hair keratins, respectively.
Properties of cortex cells in the medulla
Figure 5c and c0 exhibit a particularly large unstained central
lacuna suggesting the presence of more than one medullary
cortex cell. To further strengthen the view that these cells
indeed represent cortex cells, we carried out a series of
double-labeled studies by combining green-labeled antibo-
dies against various medulla-positive ORS, cl, and IRS
keratins with the red-labeled mouse monoclonal antibody,
K31m. The latter stains cells of the hair cortex but leaves the
medulla unstained, although its polyclonal counterpart K31gp
clearly shows the presence of K31 in the medulla (see, Figure
4f and f0). As shown in Figure 5e–g, for the antibody
combinations K31/K7, K31/K16, and K31/K27, this approach
clearly proves the presence of hair keratin-labeled cortex
cells (red) in the epithelial keratin-labeled medulla (green).
Remarkably, some antibody combinations even mirror the
distinct labeling properties of genuine cortex cells within the
medullary cortex cell population. Thus, the medulla in Figure
5d contains a continuous streak of multiple medullary cortex
cells, in which the increasing intensity of the red K34 staining
parallels that in the adjacent cortex cells. Figure 5h shows
that the combination of the mouse monoclonal K31 antibody
(K31m, red) with the K81 antibody (green) leads to a zone in
which the termination of K31 expression overlaps with the
onset of K81 expression and hence contains yellow-stained
cortex cells. Interestingly, the central cortex cell present at
this level in the medulla (boxed in Figure 5h) exhibits exactly
the same staining properties (higher magnification in Figure
5h0). This property is further confirmed using the antibody
combination, K38 (green)/K5 (red) in Figure 5i. This figure
shows that the heterogeneous staining of cortex cells by the
K38 antibody (see also Figure 4n) can also be shown in the
central medulla. This contains both K38-positive and
-negative medullary cortex cells (red and white arrows,
respectively), as well as lateral medullary cortex cells,
extending into the medulla (arrowheads).
Besides immunohistochemical means, both types of medul-
lary cortex cells can also be visualized by conventional
microscope methods, such as phase contrast microscopy. This
holds true for single cells, but is better visible for groups of
multiple, vertically staggered cells that may ultimately form
extended cell strands in the center of the medulla (Figure 6a,
bracket; Figure 6b, dotted area). The inspection by conventional
transmission electron microscopy reveals IF bundles in medul-
lary cortex cells that are as prominent as those seen in genuine
cortex cells (Figure 6c). In addition, medullary cortex cells are
devoid of trichohyalin granules, otherwise typical for medulla
cells (Figure 6c, arrows). Besides medullary cortex cells,
electron microscope analysis also clearly reveals cortex cells
protruding into the medulla as lateral medullar cortex cells.
Thus, the cell shown in Figure 6d exhibits signs of a leading
front directed obliquely into the medulla (triangle; see, also
Figure 1a0, arrows). Obviously, the cell indicated by an asterisk
in Figure 1a0, the round shape of which deviates from that of the
surrounding medulla cells, also represents a longitudinally
sectioned lateral medullary cortex cell.
A newly developed and to our knowledge previously
unreported post-embedding immunogold labeling protocol
(see Materials and Methods), which provides a considerably
better preservation of tissue morphology when compared
with pre-embedding labeling, allowed the detection of
another lateral medullary cortex cell in a tissue section
labeled with the antibody against hair keratin K38 (Figure 6e).
The heterogenous expression of this hair keratin in both
‘‘genuine’’ cortex cells and medullary cortex cells (see Figure
5i) is confirmed by the presence of cells in which the IF
bundles are either labeled or unlabeled. Surprisingly, besides
this intercellular heterogeneity, we also noticed an intracel-
lular heterogeneity of K38 within the prominent IF bundles of
these cortex cells. Besides IF bundles labeled strongly
throughout (Figure 6f) this observation included laterally
strongly (Figure 6f) or weakly labeled IF bundles (Figure 6f),
as well as K38-negative IF bundles (Figure 6f) side by side. In
principle, comparable labeling results, but with poorer
morphology, were achieved by the formerly used pre-
embedding labeling. Immunogold staining of serial sections
of the same specimen with antibodies against hair keratins,
for example, K31 or K81, resulted in a homogeneous labeling
throughout the IF bundles of cortex cells (not shown). It can
be concluded, therefore, that the unexpected internal K38
labeling patterns of IF bundles arose from technical (for
example, penetration) problems.
Finally, long-extended zones of gap junctions, indicative
of an important nutrition or transport function, were regularly
observed between medullary cortex cells and medulla cells
(Figure 6g, a higher magnification of the middle insert, Figure
6g0). These zones are poor in desmosomes (Figure 6g, a
higher magnification of the lower insert, Figure 6g00, arrow-
heads), but frequently contain typical tight junction ‘‘kissing
points’’ (Figure 6g, a higher magnification of the upper insert
Figure 6g000, arrowheads).
DISCUSSION
Until now, human epithelial structures displaying the highest
complexity in terms of constituent keratins have been found
in appendages of the epidermis. Thus, the hair-forming
compartment of the hair follicle, consisting of matricial,
cortical, and cuticular trichocytes, exhibits the sequential
expression of up to 16 individual hair keratins (Langbein
et al., 1999, 2001, 2007; Langbein and Schweizer, 2005).
Similarly, the luminal cell layer of the eccrine sweat gland
duct, although only a single-layered structure, contains a total
of nine consecutively expressed epithelial keratins (Langbein
et al., 2005). In this study, we have shown that these epithelia
are clearly outnumbered by the medulla, a special tissue
compartment in the center of the hair cortex. In human beard
hair, there is an unprecedented accumulation of up to 24
individual keratins. However, contrary to the aforementioned
hair- or epithelial keratin-expressing tissues, medullary
keratins are not homogenous but comprise an equal number
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of 12 hair- and 12 epithelial keratins, the latter including both
‘‘classical’’ and hair follicle-specific epithelial keratins.
Remarkably, the pool of epithelial keratins of the medulla
consists exclusively of those that are also expressed else-
where in the hair follicle. Thus, medullary cells not only
contain the entire set of the major ORS keratins, that is, K5,
K14, K6, K16, and K17, but also the minor keratins K7 and
K19. Indeed, the minor keratin K15 (Marchuk et al., 1985) is
the only ORS keratin that is absent from the medulla. The
second group of medullary epithelial keratins comprises
members of the IRS-keratin family. However, in this case,
there is an unusual selection of chains with only three type I
keratins, K25, K27, and K28, the common feature of which is
their presence in all three layers of the IRS (the IRS-cuticle,
and the Huxley and Henle layer, Langbein et al., 2006).
Conversely, however, keratin K71, the only member of the
type II IRS-keratin subfamily exhibiting the same expression
characteristics (Langbein et al., 2002, 2003), is not expressed
Figure 6. Medullar cortex cells and internal heterogeneity in keratin filament bundle composition. (a, b) Large, compact, and elongated medullary cortex cells
(mc) were consistently observed as single cells, cell groups (a, mc and black bracket), or as long extended cell strands inside the hair medulla (b, mc outlined
by the dotted line) (phase contrast microscopy). (c) By electron microscopy, the mostly vertically oriented medullar cortex cells (mc) can easily be detected
by their shape, prominent IF bundles, and lack of trichohyalin (white arrows). (d) The leading front (triangle) of a lateral medullary cortex cell (lmc) during the
process of penetration from the cortex (co) into the medulla (med). (e) Immunogold labeling of K38 reveals heterogeneous expression with a positive (co*) and
negative (co) genuine cortex, as well as medullar cortex cells (1mc/mc). Dotted arrows in d, e, growth direction of cortex cells. (f) Heterogeneous assembly
of K38 filaments in keratin bundles with completely (co***), strongly (co**), weakly (co*) laterally labeled, besides unlabeled (co) keratin bundles in the
same cell. Higher magnifications on the right-hand side. (g–g0 00) Intercellular junctions between medulla cells (med) and medullar cortex cells (mc) display
large areas of extended gap junctions (g, middle insert shown in g0). Desmosomes are rare between mc and medulla cells (g, lower insert shown in g00; arrows)
and medulla cells themselves (g, upper insert shown in g0 00, arrows). Tight junctions (‘‘kissing points’’) were regularly seen (g00, open arrows). N, nuclei,
Bars¼ 150 mm (a), 50mm (b), 20 mm (c), 5mm (d, f), 0.2 mm (f, magnifications co***—co), 2 mm (g), 1mm (g0–g0 00).
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in the medulla. The same holds true for the IRS-cuticle- (K26,
K72, and K73) and Huxley layer (K74)-specific keratins
(Langbein et al., 2003, 2006). On the other hand, the type II
keratin K75 of the cl (Winter et al., 1998) is part of the
epithelial keratin spectrum in the medulla. This holds true
also for keratin K80, the particularly complex expression
pattern of which in skin and its appendages will be described
elsewhere (paper in preparation).
A comparable scenario is observed for the 12 medullary
hair keratins. Just as with epithelial ORS keratins, the medulla
contains the complete set of the seven group A type I (K31,
K33a, K33b, and K34; see Figure 2a) and type II hair keratins
(K81, K83, and K86; see Figure 2a). These are also all
expressed in the hair cortex, whereas the remaining
medullary hair keratins (K85, K36, K37, K38, and K39;
see Figure 2a) are encoded by genes of different groups
(Figure 2a) and do not show common expression character-
istics in the hair-forming compartment. It is worth mentioning
that keratins specific for the hair cuticle (K32, K82, and K40;
see Figure 2a) (Langbein et al., 1999, 2001, 2007) are absent
from the medulla. An overview of the 24 medullary keratins
and their expression in beard hairs is given in Figure 7a and b.
A closer analysis of their expression patterns reveals further
peculiarities of the hair medulla.
Origin of the medulla: the pre-medulla
A major difference between medullary hair and epithelial
keratins is their onset of expression; that of hair keratins is
invariably restricted to the medulla, with hair keratin K37
being the earliest member at the base of the medulla (Figure
4m, see also Jave-Suarez et al., 2004). The remaining keratins
exhibit a partially sequential onset of expression. In contrast,
the expression of the epithelial keratins K17, K25, K27, K28,
and K75 starts below the medullary column in the K5/K14-
expressing cell row lining the dp, thus forming a hemispherical
cap covering the upper part of the dp. Remarkably, this
structure has already been described earlier on morphological
grounds. By analyzing medullated sheep wool follicles, Auber
(1956) noticed that the wider the medulla the more deeply
situated was the relative level of the greatest width of the dp.
This area, which he called the ‘‘Critical level’’ (Figure 8a), was
later designated as the ‘‘Line of Auber’’, which, at present, is
frequently but not quite correctly said to indicate the greatest
width of the hair bulb. More importantly, Auber observed that
the cells lining the dp above the critical level tended to adopt a
horizontal orientation and seamlessly passed into the medul-
lary column during their upward journey (Figure 8a). He
further noticed that the formation of a particularly wide
medulla required a lateral extension of this cell population,
which could be clearly distinguished from the adjacent outer,
more vertically elongated cells leading to the matrix and
cuticle, as well as the surrounding sheaths (Figure 8a).
Recently, on the basis of the expression of mK17 in both the
medulla and along the cells lining the upper dp in mouse hair
follicles, the latter have been called ‘‘presumptive medulla
precursor cells’’ (McGowan and Coulombe, 2000). We
propose to name this follicular area the ‘‘pre-medulla’’ by
analogy with the ‘‘pre-cortex’’ (Langbein et al., 1999).
Although the medulla of human beard hairs is rather wide,
its pre-medulla is an essentially single concentric layer that
only widens near the apex of the dp, wherein the pre-
medullary cells start to contain trichohyalin granules (Figure
8b). Remarkably, all pre-medullary epithelial keratins (K17,
K25, K27, K28, and K75), including K5 and K14, are also
expressed in the medulla proper along with additional, newly
induced epithelial keratins (K6, K16, K7, K19, and K80), as
well as the 12 hair keratins (K31, K33a, K33b, K34, K36-K39,
K81, K83, K85, and K86). Regarding the latter, there are a
variety of other epithelia in which hair keratin-expressing
cells arise directly from precursor cells expressing epithelial
keratins. Thus, the uniformly orthokeratotic tail epidermis of
newborn mice, exhibiting the typical sets of basal (mK5/
mK14) and suprabasal keratin pairs (mK1/mK10), gradually
develops into alternating parakeratotic scale regions and
orthokeratotic interscale regions (Schweizer and Marks,
1977). Although in the latter, the early postnatal keratin
pattern is conserved and complemented by mK2 (Schweizer
et al., 1987), the parakeratotic scale epidermis maintains its
basal mK5/mK14 expression but completely substitutes the
suprabasal keratins mK1/mK10 by the hair keratin pair,
mK36/mK84 (Tobiasch et al., 1992; see also Langbein et al.,
2001). An identical scenario occurs in the filiform papillae of
the dorsal tongue epithelium, the central and posterior hair-
keratin-expressing spiny compartments of which arise from a
basal K5/K14-expressing cell layer (Rentrop et al., 1986;
Dhouailly et al., 1989; Langbein et al., 2001). However,
although in these tissues, the expression of epithelial and hair
keratins is strictly confined to basal precursor cells and
suprabasal-differentiated cells, respectively, in beard hairs,
such a clear separation between the pre-medulla and the
medulla is obscured at the molecular level by the continua-
tion of the expression of the pre-medullary epithelial keratins
in the medulla.
Random expression and promiscuity of medullary keratins
The pool of medullary epithelial keratins comprises three
‘‘classical’’ keratin pairs, K5/K14, K6/K16, and K6/K17,
which are normally expressed either in the basal layer of
stratified epithelia (K5/K14) or under both hyperproliferative
(that is, wounding, tumors) and normal conditions, that is, the
ORS (K5/K14, K6/K16, and K6/K17) and the cl (K6/K16 and
K6/K17). Regarding the expression of the K6/K16 and K6/K17
keratin pairs in the medulla, our double-labeled indirect
immunofluorescence microscopy (IIF) studies have revealed
one of the most remarkable features of this epithelium. In
each case, the respective cell staining revealed a scenario in
which, besides yellow-stained medullary cells, indicating a
classical K6/K16 pairing, almost equal numbers of both red-
(non-classical K6/KI pairing) and green-colored cells (non-
classical KII/K16 pairing) occurred, as well as variable
numbers of completely unstained cells (K6/K16). In
addition, these patterns of differently stained cells were also
obtained for normally not coexpressed type I and type II
epithelial keratins, such as K6 and the IRS-keratin, K27.
Moreover, when sections of different hair follicles were
reacted in parallel with any of the above keratin antibody
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Figure 7. Summary scheme of keratin expression. (a) Zones of type I (red) and type II (blue) keratin expression in the hair medulla: (1) pre-medulla,
(2) lower medulla, (3) middle medulla, and (4) upper medulla. (b) Zones of keratin synthesis in all hair follicle compartments. Keratin expression:
*, heterogeneous; **, in single cells; ***, in vellus hair cortex; bold, strong. (c) Complete spectrum of keratin expression in medullated beard hair follicles.
Red numbers, keratins, typical for a given compartment.
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combinations, we noticed that, for each pair, the differently
stained medullary cell populations were numerically com-
parable but differed completely in their spatial mosaicism.
Collectively, these data show unambiguously that not only do
medulla cells express their epithelial keratins randomly but















































Figure 8. Formation of the pre-medulla and a segmented medulla. (a, b) The bulb region of strongly medullated hair follicles. (a) Auber (1956) assumed
that cells in the layer apposed to the dermal papilla (bracket b) immediately below the ‘‘critical level’’ migrated sideward and then gave rise to various
compartments of the hair follicle. In contrast, cells lining the dermal papilla above this critical level (bracket c) form the medulla. (modified from Auber, 1956).
(b) Comparable observations are seen by phase contrast microscopy. Cells in the layer apposed to the dermal papilla immediately below the line of
Auber (dotted line) migrate to the germinative compartment (gp) and differentiate into various compartments (open arrows) of the hair follicle (that is, cortex (co)
and cuticle (cu)), the IRS (cuticle, Huxley-, and Henle layer), and the companion layer (cl). Cells lining the apex of the dermal papilla, above the line of
Auber, form the pre-medulla (dashed white line) to enter the medulla proper (black arrows). (c, d) Appearance of the regularly segmented medulla of rat
pelage hairs (c, DIC microscopy). Electron microscopy shows that cortex cells regularly grow bilaterally at regular distances into the medulla (d, white arrows),
which causes the formation of the medullar segmentation seen in c. (e) Scheme of this process (Figure from Morioka, 2005, with courtesy of the publisher. Cx,
cortex; M, medulla). *, trichohyalin granules. Bars¼ 100mm (b), 50 mm (c), 10mm (d).
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the choice of their pairing partners, irrespective of whether
these are ‘‘originally’’ ORS-, cl- or IRS-keratins.
We also obtained tricolor mosaic pictures using antibodies
against two epithelial keratins of the same type, that is, K17
and the IRS-keratin, K27. At first glance, the occurrence of
yellow-stained cells poses a problem, as IF formation by the
two keratins can a priori be excluded. However, again on the
basis of the highly random cellular keratin expression, their
presence can be traced back to two coexisting IF networks
formed in the same cell by the respective keratins, with
randomly selected partners of the opposite type. Technically,
those IF networks cannot be resolved individually by light
microscopy, and the respective cells appear yellow. Interest-
ingly, the latter observation is also relevant for medullary cells
that co-express differently labeled complementary keratins,
such as K6 and K16. Although invariably their yellow staining
originates in the direct pairing of these keratins, it is evident
that part of it must be because of the concomitant promiscuous
pairing of each of the individual keratins with partners of a
complementary type in the same cell. A detailed cross-linking
study would be required to determine whether one pairing
possibility is dominant over the others.
It is evident that the principle of differently labeled
coexisting IF networks also underlies the tricolor cellular
mosaicism observed on the combination of antibodies against
a variety of epithelial and hair keratins. Owing to the lack of
appropriate antibodies, corresponding large-scale double-
labeled studies with hair keratin antibodies could not be
carried out, but the combined analysis of epithelial and hair
keratins provided convincing evidence that the latter are not
only randomly expressed in medullary cells but also exhibit a
free-for-all scenario with regard to the choice of their partners
within the pool of medullary hair keratins.
On the basis of considerable experimental evidence,
keratin intermediate filaments have been shown to exist as
highly specific assemblies of molecules, each of which is an
obligate heterodimer containing a type I and type II chain.
These chains lie parallel to one another in the molecule and
are in axial register over their central, coiled coil-containing
rod domains (Parry and Steinert, 1999; Parry et al., 2007).
Local and temporal expression strongly favors particular
chain combinations, such as K5/K14 and K1/K10 in the
epidermis or K35/K85 in the hair fiber. Thus, both chains are
either of epithelial or of trichocyte (hair) origin. In contrast,
the data presented here show that keratin chain promiscuity
is an inherent characteristic of the medulla. This may be of
considerable importance also for other complex epithelial
structures (see Lu et al. (2006) for knockout studies in mice
and Smith and Parry, 2008 for generalizing the concept of
promiscuity). We have shown here that owing to the high
number of epithelial keratins of both types in medulla cells
(five type II and seven type I), a particular type I chain is
apparently able to heterodimerize with each of the type II
chains, and, vice versa, a type II chain is likewise able to
heterodimerize with each type I chain present in the
respective medulla cell. The same feature is apparent with
regard to the combinatory possibilities of the four type II and
eight type I hair keratin chains present in a given medulla
cell. To accentuate even further the unusual nature of the
medulla, the early medullary expression of hair keratin K37 in
the absence of a type II hair keratin (Figure 4m) implies that
type I/type II heterodimers can also be formed from a hair
keratin chain and from an epithelial keratin chain. An earlier
in vitro study had shown this to be a possibility (Herrling and
Sparrow, 1991; see also Smith and Parry, 2007) but our data
now provide experimental support that this phenomenon
occurs in vivo.
The surface lattice structures for the reduced form of hair
keratins (Wang et al., 2000) and for both K1/K10 (Steinert
et al., 1993a) and K5/K14 (Steinert et al., 1993b) are
identical. Although the term ‘‘surface lattice’’ is used
commonly in structural research, it is worthwhile defining it
again here, as well as briefly describing its significance in the
context of the medulla. A surface lattice is a two-dimensional
representation of structurally equivalent points in the three-
dimensional IF. It is generated from X-ray diffraction, electron
microscopy and/or cross-linking data by projecting structu-
rally equivalent points radially on to a cylindrical surface.
The latter is then cut along a vertical line and flattened out.
The commonality of the surface lattice structures for K5/K14,
K1/K10, and the reduced form of hair keratin, together with
the knowledge that all keratin molecules (epithelial, hair, or
hair/epithelial) have the same length and conformation
(excluding the terminal head and tail domains) implies that
keratin molecules can be turned over and replaced with ease
by any other keratin molecule, irrespective of chain
composition. Thus, the concept of molecular variation (with
regard to chain composition) within a single intermediate
filament is not difficult to envisage in medulla cells (or
elsewhere). Consequently, the assembly of these IFs into
bundles will naturally allow component variations to occur
locally (with regard to the composition of the constituent IF
molecules). Component exchange is thus a dynamic process
at the molecular, filament, and bundle levels.
As a rule, keratin expression is a valuable guide to the
differentiation process of epithelia. Indeed, distinct keratins
or keratin pairs not only precisely mirror the differentiation
states of normal epithelia at the cellular level but also
delineate morphological changes in pathological conditions
(Moll et al., 2008). This property is already somewhat blurred
in the hair-forming compartment of the hair follicle (Langbein
and Schweizer, 2005; Langbein et al., 2007), as some early
cuticular and matrix keratins are also present in the late
cuticle and cortex, respectively (Langbein et al., 1999, 2001).
This means that increasingly complex keratin patterns, rather
than distinct keratins or keratin pairs, would characterize the
differentiation state of these epithelial structures at the
cellular level. In the medulla, this feature becomes even
more extreme. Holistically, a clear distinction can still be
made between the pre-medulla and the medulla proper, in
that the first expresses only epithelial keratins and, further-
more, hair keratins are mainly limited to the middle and
upper medulla. However, the persistence of multiple pre-
medullary keratins in the medulla column, which add to the
numerous hair keratins, combined with their random and
variable expression at the cellular level, makes keratins
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highly inappropriate molecular markers for medullary differ-
entiation.
Medullary cortex cells
In the course of our study, it was particularly evident that
distinct keratin antibodies revealed cells or groups of cells in
the center of the medulla, which, by their vertically elongated
shape and large size, clearly differed from the surrounding
medulla cells. Although these cells appeared as well-
contrasted unstained holes on the use of antibodies against
epithelial keratins, they were strongly stained by antibodies
against hair keratins, provided, however, that the latter were
expressed in the hair cortex of beard hairs. An example for
this restriction is hair keratin K37, which is the only
medullary hair keratin that is not expressed in the cortex of
beard hairs (Langbein et al., 1999). Hence, similar to
antibodies against epithelial medullary keratins, the K37
antibody left these central cells unstained. Moreover, the
antibody against hair keratin K38, unique among hair keratins
only by its local expression in cortex cells (Langbein et al.,
1999), revealed both stained and unstained vertical cells in
the medulla. From this, we concluded that these cells are
genuine cortex cells within the medulla and we termed them
medullary cortex cells. We found that double-labeled IIF
yielding yellow-stained cortical cells in the zone of the
overlapping expression of the two keratins investigated, also
led to a yellow staining of medullary cortex cells that
occurred at the height of the area of overlapping cortical
keratin expression. This indicates that the control mechan-
isms that govern the expression of these keratins in cortex
cells are maintained in respective medullary cortex cells.
Furthermore, electron microscope studies showed that
medullary cortex cells contain a dense IF network indis-
tinguishable from that of genuine cortex cells. Subsequent
immunogold labeling, using the newly developed post-
embedding immunogold labeling protocol (see Materials
and Methods), using the K38 antibody, proved considerably
better than the former pre-embedding procedure that yielded
labeled and unlabeled cortex cells, as well as medullary
cortex cells, thereby confirming the corresponding IIF data.
A side issue of these experiments (and to our knowledge
observed for the first time) was the finding that, besides being
heterogeneously expressed in both cortex and medullary
cortex cells (intercellular heterogeneity), K38 also exhibits a
pronounced intracellular (‘‘intra-bundle’’) heterogeneity with
regard to the extent of its involvement in IF bundle formation,
resulting in a complete labeling of the bundles, but also in a
strong lateral, weak lateral, or absent labeling of the bundles
(see Figure 6e and f). Although the completely labeled
bundles originate from the successive association of IFs
containing K38 as a type I chain, the laterally labeled bundles
may be a consequence of a belated ‘‘secondary’’ or
subsequent association of newly formed filaments, for
example, K38 filaments, to already existing filament bundles.
The possibility that the observation might be a technical
artefact could clearly be excluded by using serial sections
and antibodies against other hair keratins, for example, K31
or K81, in which homogeneous labeling could be observed
throughout the IF bundles. It should be emphasized that the
visualization of this process, which has similarities with the
growth of tree rings, is most probably because of the strong
vertical compression of IF bundles by hair keratin-associated
proteins in both cortex and medullary cortex cells and can
certainly not be made in cells displaying a loose and
unorganized IF network.
A clue to the origin of medullary cortex cells came from
the observation that, besides central medullary cortex cells,
both IIF and immunogold labeling consistently revealed
cortex cells penetrating laterally into the medulla. For the
following reasons, we assume that medullary cortex cells
originate from lateral medullary cortex cells through a
process of horizontal penetration. It is known that interac-
tions of cortex cells with the medulla may be important in the
shaping of the latter. This is particularly well documented for
the highly ordered uniserial medulla of rodent hairs, with its
regularly alternating air cavities and densely compressed cell
remnants (Figure 8c). The formation of these structures during
medullar development is initiated by the bilaterally concerted
action of cortex cell extensions onto medulla cells (see Figure
8d; schematically in Figure 8e; see, also Figure 1a0). With
increasing pressure, this leads to the rupture and widening of
the cell membrane connection of adjacent medulla cells,
thus creating void spaces, whereas compressed cells form
X-shaped structures containing cell remnants (Figure 8e; for
details see (Morioka, 2005)). From our studies on beard hairs,
it seems that these cortical interactions with medullary cells
are a common feature in the hair follicle. It is evident,
however, that they must fail to induce regular higher order
structures in beard hair medullae, as any lateral pressure on
an outer medulla cell would be transmitted internally and
attenuated by a flexible response of the randomly staggered
cells. Conversely, the obvious propensity of cortical cells to
penetrate the medulla may go so far that, eventually, they are
dislodged from the cortex and incorporated into the medulla
while, curiously enough, maintaining their vertical orienta-
tion.
At present, it is not known whether medullary cortex cells
exert any influence on the medulla. As we are not aware of
similar observations in strongly medullated animal hairs, it
seems that this phenomenon may again be a particular
feature of the medulla of human beard hairs.
CONCLUSIONS AND OUTLOOK
In this study, we have shown that the development of the
medulla in beard hairs is preceded by the formation of a pre-
medulla, an epithelial cell population apposed to the upper
half of the dp, out of which the medullar column arises. The
accompanying expression of 24 keratins in the medulla is
unique, as it includes not only 12 hair keratins but also 12
epithelial keratins that are not only variably expressed in
medulla cells but also behave promiscuously with regard to
the keratin pairing of dimers, as well as filament and IF-
bundle formation. The functional significance of such an
overwhelming number of keratins in the innermost compart-
ment of the hair follicle, often considered vestigious in
humans, is unknown. However, this unusual scenario in
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beard hairs should also be viewed in terms of the hormonal
control underlying the transformation of unmedullated vellus
into medullated sexual hairs during puberty (Randall et al.,
1991; Randall, 1994). In line with this, we have previously
shown that the medullary expression of hair keratin K37 is
regulated by androgens (Jave-Suarez et al., 2004). On the
other hand, investigations in mice have shown that some of
the epithelial keratins detected in beard hair medulla (that is,
K5, K6, and K14) are absent from the medulla of androgen-
independent mouse hairs (McGowan and Coulombe, 2000).
To determine the extent to which our findings on the keratin
expression in human beard hair medullas are directly or
indirectly hormone dependent or can be generalized, it will
be necessary to investigate medullary keratin patterns in
hormone-independent hairs. This would include, for exam-
ple, hairs from mouse with its uniserial medulla and, more
importantly, human occipital scalp hairs, and pelage hairs of
our closest relatives—the chimpanzees and gorillas—which
exhibit a medullary morphology close to that of human beard
hairs (Cle´ment et al., 1981a). Those studies will also help to
answer a variety of intriguing questions, such as the apparent
absence of cysteine residues in the hair medulla in animal
hairs, as well as the fate of the numerous keratins in
differentiated medulla cells, which, until now, were said to
harden by isopeptide bonding rather than by keratinization
(De Cassia Comis-Wagner et al., 2007). We predict that many
mysteries remain in the medulla of hair and that it will be a
fertile area for further research.
MATERIALS AND METHODS
Tissues
Beard hair follicles, freshly plucked from the chin or cheek region of
three Caucasian individuals, were used in this study after obtaining
written informed patient consent. The experiments were undertaken
under institutional approval and included an adherence to the
Declaration of Helsinki Principles.
Indirect immunofluorescence microscopy
This procedure was carried out essentially as described previously
(Langbein et al., 2004, 2005). Briefly, after rinsing in phosphate-
buffered saline (PBS), cryostat sections of plucked beard hair follicles
were fixed in methanol (201C; 10minutes). The sections were
permeabilized by dipping in tris-buffered saline tween-20 (0.001%
Triton-X 100/TBS) and PBS and subsequently blocked with 5%
normal goat serum in PBS. Primary antibodies were applied for
1 hour. After washing in PBS, secondary antibodies were applied for
30minutes. The slides were washed in PBS, then rinsed in ethanol,
dried, and mounted in Fluoromount-G (Southern Biotechnology
Associates, Birmingham, AL). Control immunostaining was carried
out using the secondary antibody against immunoglobulins of the
respective species only. 4’-6-Diamidino-2-phenylindole was added
to the secondary antibodies for nuclear counterstaining. Respective
phase contrast images were documented in parallel. For visualiza-
tion and documentation, a photomicroscope (Axiophot II; Carl Zeiss,
Jena/Oberkochen, Germany) was used for immunofluorescence and
bright field microscopy work was undertaken (phase contrast). This
instrument was equipped with a digital imaging system (camera:
AxioCam HR; software: AxioVision 4.4, all components from
Carl Zeiss).
Electron microscopy
Conventional electron microscopy. For conventional transmis-
sion electron microscopy (for details see, Langbein et al., 2002,
2003, 2004), plucked hair follicles were briefly rinsed with PBS and
fixed in 2.5% glutaraldehyde in a sodium cacodylate buffer. After
three rinses in sodium cacodylate buffer, they were postfixed in 2%
OsO4 on ice, followed by several washes with distilled water. The
specimens were then stained overnight in 0.5% uranyl acetate,
dehydrated, and embedded in Epon. Micrographs were taken with
an electron microscope EM900 (LEO, Oberkochen, Germany).
Immunoelectron microscopy (immunogold staining). For
post-embedding immunostaining, a newly modified ‘‘soft’’-embed-
ding procedure was used: A. Fixation: in 2% formaldehyde in PBS
for 1 hour at RT, followed by washing thrice in PBS for 15minutes
each. B. Dehydration: in a series of 50, 70, and 90% of ethanol for
10minutes each, followed by twice in 100% ethanol for 15minutes
each, and twice in propyleneoxide for 3minutes each. C. Embedding
of specimen in Epon: preparation of the Epon mixture from
components (parts of Epon: parts of propyleneoxide) for specimen
embedding was carried out using standard methodology for
conventional electron microscopy with 1 part: 3 parts for 30min-
utes, 1 part: 1 part for 60minutes, 3 parts: 1 part for 12 hours
(overnight), and pure Epon for 8–9 hours. The specimens in Epon
were filled into gelatine capsules and were allowed to polymerize
for 2–3 days at 501C in an oven. D. Ultrathin sections: Principally,
ultrathin sections for immunoreactions were mounted on Piloform
(Wacker Chemie, Stuttgart, Germany)-coated Nickel grids and dried.
Grids with sections were trapped in small slits cut into a silicon
rubber tube with a razor blade or scalpel, which serves as the object
holder. E. Immunolocalization: Surface etching of the plastic-
embedded sections before immunostaining was carried out in
ethanolate, which was freshly prepared by dissolving NaOH pills
in ethanol up to saturation (for practical orientation, B1–2 g of
NaOH pills in B50ml ethanol to reach a saturated solution, stir for
20minutes). After two filtrations through paper filters, microtubes
were filled with ethanolate and the grids with specimens fixed in the
above-mentioned silicon tube were brought into the filled micro-
tube. The etching reaction was carried out for 15–30 seconds. The
duration mainly depends on the epitope properties of the primary
antibody and hence the length of exposure to ethanolate has been
tested to optimize immunostaining. In practice, three different time
points were used in parallel, such as 10, 20, and 30 seconds. After
rinsing in water six times, the aldehyde groups were blocked twice
for 10minutes each with 0.05M glycine in PBS at pH8. After rinsing
twice for 5minutes each in PBST (PBS plus 0.025% Triton X-100),
further blocking was carried out with goat normal serum (5%)
supplemented with BSA (5%) and CWFG (cold water fish
gelatine, 0.1%) for 30minutes. The sections were then incubated
with the primary antibodies (diluted in PBST plus 0.1% BSA, from
Aurion, Wageningen, The Netherlands) for 2–3 hours, followed by
washing thrice in PBST for 10minutes each. The secondary
antibodies were goat anti-guinea pig coupled to gold particles
(‘‘Nanogold 1.4 nm’’, Nanoprobes, Biotrend, Cologne, Germany)
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diluted 1:40 in PBST plus 0.1% BSA. Washing series using PBST
(3 , 5minutes each) and PBS (3 , 5minutes each) were followed
by postfixation in 2.5% glutaraldehyde in PBS for 3minutes and
repeated washing in water (3 , 5minutes each). Signal amplifica-
tion was carried out by silver enhancement (HQ Silver-Enhancement
Kit, Nanoprobes 2012, Biotrend), in which the incubation time has
to be tested and varied but was typically around 10minutes. After
washing in PBS (3 , 5minutes each), sections were contrasted with
uranyl-acetate and lead citrate as for conventional electron
microscopy. Finally, the grids were removed from the silicone
rubber tube and air-dried in a grid box.
Antibodies
Primary antibodies. Only monospecific antibodies against human
keratins were used. Most of them are available from PROGEN,
Heidelberg, Germany. Occasionally, several antibodies against an
individual keratin were used. For double labeling, keratin antibodies
raised in a second species were used in parallel (see Supplementary
Table S1). Secondary antibodies: Goat anti-guinea pig, -anti-mouse,
or -anti-rabbit antibodies (IgG or IgGþ IgM), coupled to Alexa 568
(1:200) or Cy-3 (1:500) for red fluorescence and Alexa 488 (1:200) or
Cy-2 (1:500) for green fluorescence (Molecular Probes, Invitrogen,
Karslruhe, Germany or Dianova, Hamburg, Germany).
In situ hybridization
A PCR product of the 30-noncoding region of hair keratin genes
KRT25 (formerly keratin K25irs1, Langbein et al., 2006) and KRT31
(formerly keratin Ha1, Langbein et al., 1999) was used to prepare an
35S-labeled riboprobe. ISH on cryostat sections of plucked beard
follicles was carried out as described previously in detail (Langbein
et al., 2004). Hybridization was carried out at 421C overnight,
sections were repeatedly washed with 2 SSC/50% formamide at
501C, digested with 20 mgml1 RNaseA in 1 SSC at 371C,
followed by washing with 2 SSC/50% formamide/20mM DTT for
30minutes at 501C, then in 1 SSC/50% formamide/20mM DTT for
30minutes at 501C, and finally in 1 SSC/0.1% SDS for 5minutes at
RT. Sections were then dehydrated and dried. After dipping in photo-
emulsion (NTB-2; Kodak, Stuttgart, Germany) and drying, the
sections were exposed for 2–3 days, stained with hematoxylin, and
embedded. ISH signals were detected with a confocal laser scanning
microscope (LSM 510 UV, Carl Zeiss) by the simultaneous recording
of ISH in epi-illumination for the detection of reflection signals and
transmitted light in bright field for hematoxylin staining. Both signal
channels were combined by an overlay in pseudocolor (reflection
image, that is, IHS signals, in red).
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NOTE ADDED IN PROOF
Recently, Yu Z, Gordon WS, Nixon AJ, Bawden CS, Rogers MA, Wildermoth
JE, et al. (2009) reported on the characterization of sheep orthologs of the
human hair keratins K85, K31, K38, and the IRS keratin K27, which are all
expressed in the medulla of beard hairs (this paper). Expression studies (ISH)
failed to show these keratins in the medulla of sheep wool follicles.
Differentiation 77: 307–316.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/jid
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